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Surface tension isotherms of tbe individual alkyl monoethers of polyoxyethylene glycols 
C n H 2/I+ t (OCH ? CH 2 ) a OH (n from 4 to 8; z from I to 5) at the aqueous solution-air interface have 
been determined. By using the appropriate multiple regression equations a quantitative correlation 
has been found between the change of standard free energy of adsorption, A<7° 7 and the structure of 
the studied monoethers and of aliphatic alcohols as well. It has been found that within Lhe studied 
range of surface tension decrease, w from 0 to 20 mN m"\ the change of standard free energy of 
adsorption, AG 0 , for the monoethers cannot be regarded as a sum of increments AG*[Xi] corre- 
sponding to the definite fragments, X lt of monoether molecules. It has been shown, that not only 
methylene groups, -CH 2 -, of the hydrocarbon chain, but the -OCH^CHj- groups of the polyoxy- 
ethylene chain have the hydrophobic character as well The interaction of both these fragments is 
statistically significant and has an influence on the total value of A</°. However, the hydrophobic 
character of the -OCH 2 CHz- grouping is not constant. For the group of compounds studied it de- 
creases with the increasing length of hydrocarbon chain and with an increase in sr. For example, for 
tr = 20 mN m -1 , A<7*[-OCHaCHj-l for the series of butyl and octyi derivatives is -0.32 and -0,13 
RT, respectively. By assuming a simplified additive model which has been most often used to describe 
the relationships between A(7° values and the chemical structure of surfactants at interfaces, we have 
calculated the AG?- 2 o[-CH 2 ~] and AGJ-aof-OCHjCHH values for the monoethers using multiple 
regression equations. These values are -L07 and -0.25 RT, respectively. The A(?;«2o[^CH 2 -] value 
for aliphatic alcohols is -1.29 RT. By comparing the increments AGwohOHJ for monoethers and 
alcohols (AAGS-iot-OHJ = -0.5 RT) it can be seen that the -OH group at the end of the polyoxy- 
ethylene chain seems to be less hydrated in the adsorption layer. This is probably caused by the 
participation of the mentioned hydroxyl group in inter- and intramolecular hydrogen bonds. 



INTRODUCTJON 

In the past several years a number of works 
have been devoted to studies on the quan- 
titative description of the relationship be- 
tween adsorption of surfactants at the inter- 
faces and their structure (1-9). One of the 
often used, measures of adsorption is stan- 
dard free energy of adsorption, A<?°. On de- 
termining it, it is assumed usually that the 
individual groupings of the molecule have an 
additive contribution to the determined AG Q 
value of the compound. In the case of sur- 
factants with a simple bipolar structure, 
CH 3 (CH 2 )„_ l W, where W is a hydrophilic 



group, Rosen (1, 2) has separated AG^o, 
i.e., the AG 6 value calculated for a surface 
tension decrease * = 20 mN ra~ l into three 
components, AGUio[Xi), according to Eq, 
[1]: 

AG?-ao = Atf^ioICHH + (n - 1) 

X AG? =20 [-CH 2 -] + AC?5=3ohW] [1] 

where the AC?^ 20 [CH 3 -], AG°, 20 [-CH 2 -], 
and ACr^oI-W] values are related to the en- 
ergy of transfer of, respectively, the methyl 
end group, the methylene group in hydro- 
carbon chain, and the hydrophilic group, 
from the aqueous phase to the interface. 
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A similar approach is used on determining 
the value of standard free energy of micelli- 
zation (10, 1 1). 

Oxyethylene derivatives of aliphatic alco- 
hols are thought of as an example of nonionic 
surfactants, in which a polyoxyethylene group 
has an unequivocal hydrophilic character 
(12). In such compounds having the general 
formula C„H 2w+ i(OCH 2 CH2)^OH there are 
two groupings with hydrophilic properties 
which contribute to the total W: a hy- 
droxyl group and an oxyethylene chain, 
(-OCH 2 CH 2 -)-. Thus, the structure of these 
compounds differs fundamentally from that 
of simple, bipolar compounds, for example, 
aliphatic alcohols, monocarboxylic acids and 
their salts, alkyl sulfates etc. It may be ex- 
pected that the presence of a polyoxyethylene 
chain of varying length between an alkyl 
chain and a hydroxyl group of a small vol- 
ume can have a varying influence on the ad- 
sorption of compounds containing this 
grouping. Some suggestions confirming this 
assumption can be found in the data reported 
by Crook et al (8) concerning adsorption of 
oxyethylene derivatives of p-J-octylphenol at 
the aqueous solution-air interface- Our at- 
tention was called to the fact that AG£ =2 o 
attains increasingly negative values with the 
increasing number of oxyethylene groups 
within the range, z from 1 to 4. This seems 
to suggest a hydrophobic character of the 
-OCH 2 CH 2 - group, and only at considerably 
higher values of z an opposite change in the 
AGJ^g values was observed. An apparently 
hydrophobic character of this group was 
found for ionic surfactants, e.g., ether alcohol 
sulfates (12, 13). However, reasons given by 
Lange et al. to explain the hydrophobic prop- 
erties of the -OCH 2 CH 2 - group cannot be 
applied directly to oxyethytenated alcohols. 

We could not find any systematic studies 
on the function of the -OCH2- 
CH 2 -, and -OH groups in nonionic surfac- 
tants depending on their surface tension 
decrease. Rosen has reported the data on 
adsorption of surfactants at the aqueous so- 
lution^air interface, but these results have 



been obtained for the constant value of the 
surface tension decrement of 20 mN m _I , for 
which the coverage of the surface for a ma- 
jority of surfactants is from 84 to 99.9% 
(U2). 

Moreover, a majority of the authors have 
determined the mentioned increments 
graphically by estimating separately the con- 
tribution of oxyethylene groups at a constant 
alkyl radical, or the contribution of the 
^CH 2 - group in different alkyl groups for a 
constant length of the polyoxyethylene chain. 
Such a procedure omitting the need for the 
parallel estimation of the increments AG^XJ 
can give inaccurate numerical values. 

In the present work we attempt to give a 
quantitative relationship between AGS and 
structure of some nonionic surfactants in the 
form of a mathematical model. At present 
our discussion will be limited only to alkyl 
monoethers of polyoxyethylene glycols (I) 
and, for comparison, aliphatic alcohols (IT) 

QtH2« + 1 (OCH 2 CH 2 ) z OH t OH 

I II 

By choosing the appropriate equations, we 
aimed at (i) the statistical verification of the 
additive approach expressed by Eq. [1], by 
taking into account oxyethylene groups con- 
tribution and finding possible contributions 
of statistically significant interactions be- 
tween particular fragments of a molecule to 
the total value of AG^-coMt.; (ii) comparing 
the values of increments AG^^IX,] as- 
cribed to the sams fragments of molecules 
of compounds (I) and (II); and (iii) proposing 
a mathematical model which would make it 
possible to predict the course of surface ten- 
sion isotherm for aqueous solutions of these 
compounds within a broad range of coverage 
at the aqueous solution-air interface. 

MATERIALS AND METHODS 

Materials, Individual M-butyl, *-amyl, n- 
hexyl, n-heptyl, and n-octyl monoethers of 
polyoxyethylene glycols containing from 1 
to 5 oxyethylene units per molecule were 
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obtained by the fractional distillation of a 
polydisperse mixture obtained in the addi- 
tion reaction of ethylene oxide to the cor- 
responding aliphatic alcohols (14). The pu- 
rity of isolated ethers as determined by means 
of gas-liquid chromatography (stationary 
phases: Apiezon APZL (15%) on Chromo- 
sorb Q and Carbowax 20 M (10%) on Cbro- 
mosorb G/AW DMCS) was greater than 
99%- The compounds obtained are colorless 
liquids. In Table I some physical properties 
of these substances are listed. 

Surface tension measurements. Surface 
tension of aqueous solutions of monoethers 
(I) was determined by the maximum bubble 
pressure method at 293.2 ± 0.2°K- In sep- 
arate experiments the time necessary for the 

TABLE I 

Physical Properties of Individual Monoethers oF 
Folyoxyethylene Glycols 



Structure of 
compounds 



FT 


z 


'R 




bp {°KJ<a(*i Ha) 


4 


1 


0.9039 


1.4196 


342-344/ U 


4 


2 


0.9555 


1.4320 


378/6-8 


4 


3 


0.9865 


1-4396 


418-418.5/8 


4 


4 


1.0104 


1.4455 


437-439/5.5 


4 


5 


1.0314 


1.4491 


465/2 


5 


1 


0.9003 


1.4249 


348-5-349/8 


5 


2 


0.9434 


1.4348 


391/7 


5 


3 


0-9734 


1.4412 


415-419/5-6 


5 


4 


0.9994 


1.4461 


447-450/3 


5 


5 


1,0200 


1.4500 


466/1 


6 


\ 


0-8879 


1.4290 


362-366/5-6 


6 


2 


0.9395 


1.4375 


404-^05.5/5 


6 


3 


0.9680 


1.4430 


426-428/5 


6 


4 


0.9882 


1.4466 


458/3.5 


6 


5 


1.0093 


1.4505 


480-^83/2 


7 


I 


0.8864 


1.4327 


380-381/12 


7 


2 


0,9274 


1.4394 


397-399/4.5 


7 


3 


0.9573 


1.4442 


429/4.5 


7 


4 


0.9818 


1.4485 


458/1 


8 


i 


0.8827 


1.436 J 


395-395.5/8 


8 


2 


0.9228 


1.4419 


416-418/5.5 


8 


3 


0.9528 


1.4460 


443^47/2 


8 


4 


0.9734 


1.4495 


474-475/2 



generation of the gas bubble to reach equi- 
librium conditions was determined. Surface 
tension values for aqueous alcohol (II) so- 
lutions at 298.2*K were taken from the work 
of Posner et al. (15). These authors deter- 
mined surface tension of aqueous solutions 
of n-butanol by the maximum bubble pres- 
sure method, and in the case of aqueous so- 
lutions of /2-pentanol, fl-hexanol, n-heptanol, 
and rt-octanol by the drop volume method. 

RESULTS AND DISCUSSION 

We have determined surface tension iso- 
therms of aqueous solutions of monoethers 
(I) containing a varying number of methy- 
lene and oxyethylene groups in their hydro- 
phobic and hydrophilic parts. The studied 
compounds were characterized by a moder- 
ate surface activity. The relationship between 
surface tension and the concentration of 
monoether (I) containing four (*r * 4) oxy- 
ethylene groups (~OCH 2 CH 2 ^> per molecule 
is shown in Fig. 1 . All the monoethers stud- 
ied, except for butyl ether of tetraethylene 
glycol, exhibit CMC. However, none of the 
7-log c curves indicated any dip in the vicin- 
ity of the CMC. 

We have found that the experimental val- 
ues of surface tension are described well by 
the Temkin isotherm (16) in the integral 
form: 

Intf + lnx^ g-iv x/2 /RT. [2] 

where g is a constant, x is the molar fraction 
of the monomer at a constant value of sur* 
face tension decrement tt [mN m' 1 ], and B 
is the equilibrium constant of the adsorption 
process. By plotting the values of *r l/2 vs 
In x a linear relationship has been obtained 
(Fig. 2). Through extrapolation of the straight 
lines to tv - 0 we have determined the ex- 
trapolated value of AG°: 

ACJhj - -.Rrin B - RTln x^. [3] 

The standard states were assumed as follows: 
ir = 1 mN m" 1 for the surface, and a hy- 
pothetical state in which the product of mole 
fraction and activity coefficient is unity, for 
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Fto. I. Relationship between surface tension, -y, and concentration of aqueous solutions of alkyl 
monoethers of tetraoxyethylfcne glycol. (1) Butyl, (2) arayl, (3) hexyl, (4) heptyl, and (5) octyl ether. 

the solution. The constants of the Temkin ship between the adsorption of monoethers 
isotherm are shown itx Table D. (I) and their structure, we calculated the 

In order to find the quantitative relation- regression equation 



' 7- 




5 S 

FtO. 2. Relationship of In x = f(w i/2 ) obtained for (1) butyl, (2) amy], (3) hexyl, (4) heptyl, and (5) 
octyl ether of tetrabxyethylene glycol. 
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TABLE II 

Constants of Temkin Adsorption Equation 



Structure of 

compound!; £• 10" 4 

<[) and (II) IN 1 * m** roole _, l In B 

ft 2 detd* cakrf* detd fl calcd* 



11.35 
12.10 
12.84 
13,59 
14.34 
12.06 
12.81 
13.56 
14.31 
15.06 
12.78 
13.53 
14.28 
15.03 
15.78 
13,50 
14,24 
14,99 
15.74 
14.21 
[4,96 
15.71 
16-46 
9.55 
10.68 
11.81 
U-94 
14.07 



**yEq. [2]. 

b JBy Eqs. [4a] and [4h] for compounds (I) and (II), 
respectively. 

'By Eqs. I4o] and [4i] for compounds (I) and (II), 
respectively. 

d Calculations based on the values of surface tension 
reported by Posner <tf <2/.(15), measured at 298 fi K.. The 
values of surface tension measured by Posner at 28 5 7 
298, and 3l2 fl K allow one to compare the numerical 
results obtained from surface tension measurements at 
293 and 298°K for aqueous solutions of aliphatic al- 
cohols. 



Y = & 0 + 6, >n *+ z + b 3 - n- [4] 

where Y denotes either the constants of 
the Temkin isotherm equation (I0~*'ir or 
—In B) or the change of AtrJ at constant de- 



crease m surface tension, tt, in RT units, n 
is the number of carbon atoms in the hydro- 
carbon chain, z is the number of oxy ethyl- 
ene units, -OCH 2 CH 2 - * = 7H 2 0 - Twlution 

[mN m' 1 ], and b Q - • - b 3 are regression coef- 
ficients. Equation [4] applied to describe a 
given Y parameter is referred to as Eq. [4a], 
[4b], . . . , [4u] as specified below in the text 
and in Tables III, IV, and VI. The statistical 
evaluation of the b } coefficients is presented 
in the Appendix, 

The results of regression analysis of both 
constants of Temkin's isotherm are listed in 
Tables III and IV for monoethers (I) (Eqs, 
[4a] and [4b]) and for alcohols (H) (Eqs. [4h] 
and [4i]), respectively. In order to verify the 
calculation procedure, the Temkin's con- 
stants were recalculated from bt values using 
Eq. [4 J. The results are listed in Table II along 
with the determined constants. 

The way in which molecules are oriented 
at the interface may be concluded from the 
surface area values, A, occupied by the mol- 
ecule in the surface layer which, in term, can 
be determined from the surface excess value, 
I\ The T values have been determined from 
the equation of state (16) corresponding to 
Temkin's isotherm (Eq. [5]) 



for a constant decrease in surface tension 
equal to 20 mN m~ l (a monomolecular layer 
is assumed). The values of T and the corre- 
sponding surface area values, A, are listed in 
Table V. 

The results of regression analysis of the 
change of standard free energy of adsorption, 
AGv-egnsi. (Eq. [3]), for a series of constant 
values of the decrease in surface tension until 
20 mN m" 1 are listed in Tables III and IV. 
The presented values of A<7£Uo and AG?=: 
are extrapolated ones, The negative values 
of coefficients b } (cf. Tables III and IV) 
connected with the change of AG? per one 
-CH 2 - unit in the hydrocarbon chain, At?° 
[-CH 2 -], emphasize the hydrophobic char- 
acter of that chain. Rather high, negative 



4 


I 


8.00 


8.22 


11.01 


4 


2 


8.93 


9.08 


12.07 


4 


3 


9.66 


9,94 


12.65 


4 


4 


10.82 


10.80 


13.55 


4 


5 


11.73 


11.67 


14.57 


5 


1 


7.87 


7.60 


12.00 


5 


2 


8-67 


8.47 


13.05 


5 


3 


9.08 


9.33 


13.50 


5 


4 


10.07 


10.19 


14,27 


5 


5 


1 1.19 


11.05 


15.18 


6 


1 


7.53 


6.99 


13.01 


6 


2 


8.25 


7.85 


13.94 


6 


3 


8.58 


8J1 


14.21 


6 


4 


9,57 


9.58 


14,87 


6 


5 


10.61 


10,44 


15.92 


7 


I 


6.44 


6.38 


13.54 


7 


2 


6.94 


7.24 


14.18 


7 


3 


7.75 


8.10 


. 14.94 


7 


4 


9.21 


8.96 


15.63 


8 


I 


6.03 


5.76 


14.45 


8 


2 


6.23 


6.63 


14.84 


8 


3 


6.64 


7.49 


15.38 


8 


4 


9-05 


8.35 


16-49 


4 


0 rf 


6.36 


6.34 


9.49 


5 


0 


6.02 


6.08 


J 0.69 


6 


0 


5.79 


5.82 


11.82 


7 


0 


5.74 


5.55 


13.10 


8 


0 


5.18 


5.29 


13.94 
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TABLE III 



Multiple Regressions of the Terakin Isotherm Constants and Values of Standard Free Energy of Adsorption 
for Monoethers (I) ai the Aqueous Solution-Air Interface 





[4a] 


(4bJ 


[4c] 


[4d] 


m 




m 


f*cUvtfti£l£r Y: 




-In B 












* fmN nT']: 




0 


l 


5 


10 


13 


20 


bo 


9.808 


-7.049 


-5.769 


-4.182 


-2.982 


-2.065 


-1.288 




(0.385) 


(0.379) 


(0.310) 


(0.251) 


(0-238) 


(0,243) 


(0.278) 




-0.6132 


-0.8354 


-0,9168 


-U0178 


-1.0953 


-1.1537 


-1.2039 


*« 


(0.0543) 


(0.0631) 


(0.0517) 


(0.0419) 


(0.0396) 


(0.0413) 


(0,0463) 




0.8621 


-0.9968 


-0.8891 


-0-7563 


-0.6596 


-0.5856 


-0.5215 


S(t>i) 


(0.0564) 


(0.1222) 


(0,1002) 


(0.0812) 


(0.0766) 


(0.0801) 


(0.0896) 






0.0439 


0.0448 


0-0458 


0,0471 


0.0482 


0.0486 






(0-0211) 


(0.0173) 


(0.0140) 


(0.0132) 


(0.0138) 


(O.OI55) 






2.08 


2.59 


3.27 


3-57 


3.49 


3.14 


R 


0.977 


0.992 


0.995 


0.997 


0.997 


0.997 


0.997 



*f ff - 0 . 05 - 2.09. 



values of coefficients b 2 connected with 
AG£(-OCH 2 CH 2 -] (cf. Table IH) may seem 
surprising, [t appears that the (-OCH 2 - 
CH 2 -)z groups, thought of as the typical non- 
ionic hydrophilic grouping in nonionic sur- 
factants (12), besides causing an enhance- 
ment in the solubility of monoethers, brings 
about at the same time an increase in hy- 
drophobicity of compounds (I) within the 
studied range of decrease in surface tension 
7r. This increase in hydrophobicity becomes 
less apparent with increasing values of x a 
which is indicated by the b 2 values. We have 



found, moreover, that the 6 3 also has an in- 
fluence on the variable Yin all Eqs, [4c]-{4g] 
(cf. Table III), as indicated by the values of 
statistics \%bj)\ > The marked share of 
the product bi*n*z in the total value of 
AGv^const. of molecule (I) observed at a 
range of surface tension decrease it from 0 
to 20 mN nr 1 suggests the presence of 
the interaction between the hydrophobic 
group C n K 2n +\ and the "hydrophilic one" 
(-OCH 2 CH 2 -) z . The positive values of the 
product b 3 -n-z indicate that this interaction 
has a negative effect on adsorption of mon- 



TABLE IV 

Regressions of the Temkiu Isotherm Constants and Values of the Staudard Free Energy of Adsorption 
for Alcohols (II) at the Aqueous Solution-Air Interface 



Equation I4h] (4fl [4j] [4k] [4{| (4m) [4nJ 

Parameter y: g-lV -In £ Aff;> \RT] 



^EauNTO-'k — 0 I 5 10 15 20 



bo 


7.402 


-5.025 


-4.076 


^2.913 


-2.036 


-1.366 


-0.773 




(0,307) 


(0.299) 


(0.266) 


(0.225) 


(0.L97) 


(0-177) 


(0-2 16) 


bi 


-0.2641 


-1.1306 


-1.1649 


-1.2060 


-1.2374 


-1.2612 


-1.2879 




(0.049) 


(0.04S) 


(0.043) 


(0.036) 


(0.032) 


(0.029) 


(0.035) 


R 


0.966 


0.99S 


0.998 


0.999 


0.999 


0,999 


0.999 



Note. N - 1 - 3; /„„ 0 . 0 j - 3,18. 
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TABLE V 

Surface Excess (r) and Area per Molecule (A) 



com**** rJu t I-*i ill 



48 
53 
58 
63 
69 
45 
50 
55 
60 
65 
41 
46 
51 
56 
61 
37 
42 
47 
53 
34 
39 
44 
49 

37 
36 
34 
33 
31 



a By Eq. [5], g - x - 20 raN m" 1 . 
* By Eq. [5], £ = tt - 20 mN «r l . 



oethers (I). The greater the values of n and 
z, the stronger the mentioned interaction. 
Moreover the presence of a statistically valid 
product 6 3 • n ■ z indicates that the value of 
the increment connected with a -CH 2 - group, 
i.e„ A<J*..cowd-CH2-I, cannot be assigned 
directly to the by coefficient. Similarly, when 
evaluating the hydrophobic character of the 
-OCH2CH2- group the values of the follow- 
ing expression — b z • z and - n ■ z — should 
be taken into account. This may be illus- 
trated by comparing the contribution of the 



-OCH2CH2- grouping to the total value of 
bG% for the two series of compounds: 
C 4 H 9 (OCH 2 CH 2 ),OH and C B H i7 (OCH 2 - 
CH^-OH. For x = 20 mN mr\ it follows 
from Eq. [4g] (of. Table III): 

C4H*(OCH 2 CH 2 ) z OH: 

r=& 0 + 4&! + b 2 -z + 4bi-z 

= -6.104- 0.325.^ [6] 

QH 17 (OCH 2 CH 2 ) z OH: 

y - &6 + 861 + 62*^ + 863-7 

= -10.92 - 0.129. z. [7] 

Thus, by introducing one grouping -OCH2- 
CH2- into butyl derivatives, their hydropho- 
bic properties are increased by —0.32 RT> but 
in the octyl ones only by -0. 1 3 RT. This can 
explain the lack of the hydrophobic contri- 
bution by the ^OCH 2 CH 2 ~ grouping in the 
typical nonionic surfactants having a hydro- 
carbon chain longer than C l0 as reported by 
numerous authors. 

The corroboration of such a negative in- 
teraction in oxyethylenated alcohols contain- 
ing a straight-chain, linear structure, indi- 
cates that there is a need to analyze the pos- 
sibility of the presence of such effects in more 
complicated surfactants, for example, con- 
taining other oxyalkylene units or more than 
one alky! chain. The presented approach was 
applied successfully to determine the effect 
of the structure of acetals containing three 
hydrocarbon groupings and two oxyethylene 
chains, on the change of the AG£ value (17). 
We have also recalculated the data in Dor- 
fler's work (18) which concerned adsorption 
of dialkyl phosphine acid alkyl esters at the 
aqueous solution-mercury interface, to re~ 
ceive the corresponding values of AG°[Xi}; 
unfortunately insufficient experimental data 
did not allow us to find any possible inter- 
actions (17). 

As was mentioned earlier, similar inter- 
actions have not been taken into account in 
earlier publications when calculating the in- 
crements AG°[-CH 2 -]; in these works only 
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simple models of the additive contribution 
of the individual groupings were used 
which led only to the averaged values of 

In order to compare directly these aver- 
aged values of AG '-const. [-CH2-] for com- 
pounds (I) and (II) we have assumed a sim- 
plified additive model of adsorption of 
mo&oethers (I) (as compared with Eq. [4], in 
which the term b$*n*z has been omitted). 
The so-averaged values of A(??[-CH 2 -J of 
monoethers (I) for all the presented values 
of x shown in Table VI are slightly less neg- 
ative than those for alcohols (II) (cf. Table 
IV). These values are convergent with an in- 
crease in 7T, and at % = 20 mN m~ l they are 
-1.07 (±0.02) and -1.29 (±0.04) RT, re- 
spectively. This fact of convergence of the 
values of At?£[-CHH for monoethers (I) 
and alcohols (II) has also been observed by 
other workers. Thus, Kurzendorfer and Lange 
(19) have observed that straight lines express- 
ing the log cvs C n relationship for aliphatic 
alcohols and monoethers of polyoxyethylene 
glycol at a constant value of the decrease in 
surface tension equal to w ~ 33 mN m" ] 
have a similar slope. The data reported in 
this work indicate that the straight lines cross 
each other at C 7 on the abscissa. Unfortu- 
nately, the statistical verification of the slope 



of these lines has not been given and, hence, 
it is not possible to conclude unequivocally 
whether the increments AC?2[-CH 2 ^] at ir 

33 mN m" T differ for both these groups 
of compounds or not 

The negative values of averaged increment 
AG?[-OCH 2 CH 2 -J (cf. Table VI) indicate an 
increasing effective length of the hydrocar- 
bon chain in monoethers (I) affected by an 
oxyethylene grouping. AG£ [-OCH 2 CH;H 
attains the highest absolute values at low de- 
grees of coverage of the surface, then its ab- 
solute values decrease with an increase in x 
and at the neighbourhood of CMC AG£m C 
[-OCH2CH2-] approaches zero (11). 

The values of bo presented in Tables III 
and IV, calculated from the regression 
equations for the compounds (I) and (II), 
were used for calculating the increments 
A<y°[-OHJ. From studies of the solubilities 
of liquid alkanes in water at 298°K (20-23) 
comes the relation: 

AG°[CH 3 -1- A<7 0 [-CH 2 -] - 2.244 RT. [8] 

Therefore, a value of b 0 can be considered 
as a sum of two components: (i) the incre- 
ment AC? Q [-OH] and (ii) the difference 
A(?°[-CHH - AG°[CH 3 -J, or 

AC7°[-OH] = b 0 + 2.244 RT. [9] 



TABLE VI 



Regressions of Values of the Standard Free Energy of Adsorption for Monoethers (I) at the 
Aqueous Solution-Air Interface, Eq. [4] a without product b$-n*z 
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Note. Y = AGf-MDSL, [RT]; JV - K - 1 - 20; r^ojM = 2.086. 

a b Q - AGH-OH) - 2.244 RT, bx = AWI-CHr-]; = A<?;£-OCHjCH 2 -]. 
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The calculated A(3£[~-OH] values were for 
monoethers (I): - 3.52, -1.94, -0,74, +0,18, 
+0.96 RT, and for the primary alcohols (II): 
-L83, -0.67, +0.21, +0,88, +1.47 RT for 
the decrease in surface tension, it ■* 1, 5, 10, 
15, and 20 mN m*" 1 , respectively. A good 
agreement was found between the calculated 
A<7^ 0 [-OH] value for alcohols with the 
value obtained from the data given by Ave- 
yard and Chapman (24) (the values of 
AG^ 0 for C4H9OH and C 7 H l5 OH lead to 
AG^ 0 [-OHJ = —3-13 RT after applying Eq. 
[8]), The positive values A(7*[-OH] at fairly 
large x show that the typical bydrophilic ef- 
fect of the -OH group cant be noted only at 
a fairly large degree of coverage of the sur- 
face. The differences of the increments 
AA(?;[-OH] for compounds (I) and (II) are 
-1.7, -J.3, -1.0, -0.7, and -0.5 -RTfor x 
= 1, 5, 10, 15, and 20 rnN respectively. 
The lower values of AG°[«OH] for 
monoethers (I) than those for alcohols (II) 
may suggest that the -OH group situated at 
an end of a polyoxyethylene chain is prob- 
ably less hydrated in the adsorption layer, 
thus it exhibits a weaker hydrophilic char- 
acter. This is a very important effect which 
may be explained by the formation of intra- 
molecular interactions of the hydrogen bond 
type, between the hydroxyl group and the 
oxygen atoms in the polyoxyethylene chain 
in the adsorption layer. Such interactions in 
polyoxyethylene glycol molecules and their 
ethers have been shown by Langbein (25) and 
Yamaguchi et al (26) as cited by Manabe et 
al (9). At high degrees of coverage of the 
surface, the presence of intermolecular hy- 
drogen bonds between monoether molecules 
cannot be excluded as well. The relative ac- 
idities of the monoethers are higher than that 
of water (27), thus they can compete with 
water molecules in the formation of hydro- 
gen bonds with the oxygen atoms of poly- 
oxyethylene chains. 

In order to illustrate the effect of differ- 
ences in the hydrophilicity of hydroxyl groups 
and the hydrophobicity of -CH2- groups in 
the alky! radicals of monoethers (I) and al- 
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cohols (II) we used an approach presented by 
Manabe et al. (9), who studied the standard 
free energy of transition of the mentioned 
compounds from aqueous to organic phase. 
Thus we have calculated the hypothetical 
values of standard free energy of ad- 
sorption, AC?£(ROH), of the monoethers 
R(OCH 2 CH 2 ) r OH (I) assuming z - 0, by 
using the regression equation [4] (cf. Table 
ni): 

AC?°<ROH> 

= A<7JR(OCH 2 CH 2 ),OH] r - 0 . [10] 

The so-calculated values of A<7£<ROH) of 
the monoethers (I) were compared with the 
values of A(7£[ROH] for alcohols (II) having 
the same alkyl radicals. These values are 
listed in Table VIL The lower hydrophilicity 
of the hydroxyl group, despite the lower 
hydrophobicity of the -CH 2 ^ groups in 
monoethers (I) as compared to alcohols (II), 
resulted in the hypothetical values of AG£ 
(ROH) for butyl and amyl monoethers 
being more negative than AGv[ROH] f or 
butyl and amyl alcohols. The hypothetical 
monoethers without oxyethylene grouping 
are thus more hydrophobic than their cor- 
responding alcohols. This conclusion con- 
firms the notion of Manabe et al (9) who 
investigated compounds (I) and (II) having 
short alkyl chains. The lower hydrophobicity 
of methylene groups of monoethers (I) as 
compared with that for alcohols (II) brought 
about an equalization of the mutual hydro- 
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phobic character of both these groups of 
compounds containing alkyl chains longer 
than Q. 

In order to make it possible to calculate 
the change of standard free energy of ad- 
sorption, AC?*, from surface tension mea- 
surements on aqueous solutions of the com- 
pounds studied by using only one regression 
equation we propose: 

AG£ -» b 0 + b x - n + b 2 * z + b 3 - n * z + • ir 
+ b 5 -* l/2 + b 6 >n-ir + brn'T l/2 
+ b 9 - z-w + b9*z-T i/2 + bio'ii'Z'ir 
+ *u-»-*«ir I/a [11] 

where the symbols have the same meaning 
as in Eq. [4J (the range of tt from 0 to 20 mN 
m" L ). The results of regression analysis are 
shown in Table VIIL Column Ua corre- 
sponds to monoethers (I) and 11 b to alcohols 
(II). In both cases high correlation coeffi- 
cients, JR., justify the form of Eq. [U]. The 
statistical analysis made it possible to eluci- 
date whether or not a superimposed inter- 
action between methylene and oxyethylene 

TABLE vm 



Multiple Regressions of Values of the Standard Free 
Energy of Adsorption* AG°, [RT]; tc from 0 to 20 
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groups and the decrease in surface tension 
is significant, At the final significance level 
a - 0.05 the terms biQ-n-z-w and b\ \ • n * 
z-K ia were found insignificant 

The statistical approach presented in this 
work may make possible a better understand- 
ing of the effect of the individual structural 
elements of surfactants on their adsorption 
as characterized by the value of AG£. 

APPENDIX 

The regression coefficients, b i9 and their 
standard errors, S(b<), in Eq. [4] were esti- 
mated by the regression analysis. The mul- 
tiple correlation coefficients, jR, were calcu- 
lated as well The t statistics for the regression 
coefficients, t(bi\ were calculated according 
to Eq. [12] 

and the coefficients which do not fulfill the 
following relationship: 

WWI > t* [13] 

[/ a = Student's t distribution value at the as- 
sumed significance level (« « 0.05) for N 
- K - 1 degrees of freedom (N total num- 
ber of data points)] were rejected (28). 

The regression model given by Eq, [1 1J is 
obtained by use of the program "regr" (pro- 
cedure maxstepregr) (29) run on the Odra 
1204 computer. 
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